SUMMARY
We aimed to investigate whether self-monitoring of performance is altered during 60 h of total sleep deprivation, following 2 nights of recovery sleep, and by task difficulty and/or subjective sleepiness. Forty adults (22 females, aged 19-39 years) underwent a 5-day protocol, with a well-rested day, 66 h total sleep deprivation (last test session at 60 h), and 2 nights of 8 h recovery sleep. An arithmetic task (MATH) with three difficulty levels assessed working memory. The Psychomotor Vigilance Task assessed sustained attention. Arithmetic accuracy and Psychomotor Vigilance Task median reaction time measured objective performance. Subjective performance was measured with self-reported accuracy and speed. Objective-subjective differences assessed selfmonitoring ability. The performance on both tasks declined during total sleep deprivation and improved following recovery. During total sleep deprivation, participants accurately self-monitored performance on the Psychomotor Vigilance Task; however, they overestimated cognitive deficits on MATH, self-reporting performance as worse than actually observed. Following recovery, participants overestimated the extent of performance improvement on the Psychomotor Vigilance Task. Task difficulty influenced self-monitoring ability, with greater overestimation of performance deficits during total sleep deprivation as difficulty increased. Subjective sleepiness predicted subjective performance ratings at several time points, only for the Psychomotor Vigilance Task. The ability to self-monitor performance was impaired during total sleep deprivation for working memory and after recovery sleep for the Psychomotor Vigilance Task, but was otherwise accurate. The development of selfmonitoring strategies, assessing both subjective perceptions of performance and subjective sleepiness, within operational contexts may help reduce the consequences of sleep-related impairments.
IN TROD UCTI ON
The impact of sleep deprivation on human performance has long been a topic of interest, in part due to the increased risk of accidents and injuries related to sleep loss (Austroads, 2005; Tefft, 2012) . Approximately 20% of motor vehicle crashes are attributed to sleep-related impairment, and accident and injury rates among shift workers can be more than double those of non-shift workers (Austroads, 2005; Tefft, 2012) . Monitoring behavioural manifestations of sleepiness is key to reducing accident risk, and can be achieved through the deployment of a drowsiness-detection device or symptom monitoring (Lee et al., 2016; Lerman et al., 2012) . The ability to accurately self-monitor performance is critical, as recognising deficits when sleep deprived could be protective against the negative consequences of sleep deprivation (Dorrian et al., 2000) . Few studies, however, have investigated an individual's ability to self-monitor performance during sleep deprivation, cumulative sleep restriction or following recovery sleep.
Self-monitoring of performance is typically assessed by comparing subjectively reported performance against actual performance. Prior studies generally compared the accuracy of self-assessed performance during a rested period with a period of acute sleep deprivation. Two studies assessed the ability to self-monitor cognitive performance during sleep deprivation (Baranski and Pigeau, 1997; Dorrian et al., 2000) , while two studied driving performance following sleep restriction (Biggs et al., 2007; Moller et al., 2006; Reyner and Horne, 1998) . Another study examined self-monitoring of cognitive performance during a week of simulated night shifts (Dorrian et al., 2002) . These studies report mixed results: those examining cognitive performance report that sleep deprivation did not alter the ability to self-monitor performance (Baranski and Pigeau, 1997; Dorrian et al., 2000 Dorrian et al., , 2002 ; while driving simulator studies reported impaired selfmonitoring ability (Biggs et al., 2007; Moller et al., 2006; Reyner and Horne, 1998) . The driving simulator studies, however, involved sleep restriction, rather than sleep deprivation. The study examining self-monitoring of performance following recovery sleep did not show a negative effect of sleep deprivation on self-monitoring (Baranski et al., 1994) , so it remains unclear if recovery sleep reversed any potential sleep deprivation-related decrements in self-monitoring ability. Overall, relatively little is known regarding the ability to self-monitor performance during sleep deprivation or after recovery sleep.
Few studies have examined factors influencing the ability to self-monitor performance, such as task difficulty. Baranski et al. (1994) published the only study to date investigating associations between task difficulty and self-monitoring ability under conditions of sleep deprivation. They did not examine self-monitoring of performance, per se, but rather self-rated 'confidence' a correct answer was provided on each trial. Participants reported less confidence on more difficult trials, and this relationship did not change with sleep deprivation or recovery sleep. Beyond this, though, the effect of task difficulty on self-monitoring of cognitive performance has not been studied.
Some argue that subjective sleepiness may be a useful marker of perceived performance deficits (Blagrove and Akehurst, 2000; Dorrian et al., 2000) . This idea derives from sleep deprivation studies showing greater self-reported sleepiness during or immediately after a task is associated with significantly lower subjective perceptions of performance (Biggs et al., 2007; Dorrian et al., 2000) , or with worse objective performance (Reyner and Horne, 1998) . However, other research has failed to report this association (Galliaud et al., 2008; Van Dongen et al., 2003) . Importantly, while prior studies correlated sleepiness with absolute levels of subjective or objective performance, they have not evaluated the associations between sleepiness and the discrepancy between subjective and objective performance (i.e. the ability to self-monitor performance). Therefore, it remains unclear if subjective sleepiness plays a role in the ability to self-monitor performance.
The current study sought to provide a thorough investigation of the impact of sleep deprivation and recovery sleep on self-monitoring ability, by assessing: (1) changes in both objective performance and self-report of performance across multiple time points throughout both total sleep deprivation (TSD) and recovery sleep; and (2) the role of task difficulty and subjective sleepiness in the ability to self-monitor performance.
MAT ERIALS AN D METH ODS

Study design and participants
Forty healthy adults (22 female) aged 19-39 years (mean = 24 AE 4.9 years) participated. Participants were screened for medical, psychiatric and sleep-related conditions. For 1 week prior to the study, participants maintained a regular sleep schedule (fixed 7-9 h sleep opportunity), based on habitual sleep, as verified with actigraphy and sleep diaries. Caffeine and alcohol were prohibited for 48 h prior to laboratory admission. On the evening of the adaptation night, participants completed a baseline Psychomotor Vigilance Task (PVT) and three practice sessions of MATH, to eliminate practice effects. Following the adaptation night, participants returned to the laboratory for a normal sleep night, and slept according to the habitual sleep schedule used at home. On Day 1 after waking, participants remained awake until their habitual bed time on Day 3 (i.e. 66 total hours awake). During TSD, participants were constantly monitored, with a 1 : 1 staff : participant ratio. They were subsequently given 2 nights recovery sleep, corresponding to their habitual sleep schedule. Thus, there was one 'normal' day (NORM), two 'TSD' days (TSD1 and TSD2) and two 'recovery' days (REC1 and REC2).
Testing sessions occurred twice a day at 2 and 12 h postwake [a morning (am) and an afternoon (pm) session]. Between testing sessions, participants remained in constant lighting (~100 lux) and were allowed to converse with researchers, read, watch movies, etc. Exercise and caffeine were not permitted. This study was approved by the University of California San Diego Human Research Protection Program.
Cognitive assessments
Cognitive assessments included a 10-min visual PVT and Arithmetic Working Memory Task (MATH). The PVT utilised standard parameters with random inter-stimulus intervals of 2-10 s, and reaction time (RT) was displayed for 500 ms on each trial. Objective outcomes were number of lapses and median RT. MATH had three difficulty levels, with participants required to subtract 1, 3 or 7 from a randomly generated three-digit number. In each block, participants were presented with a seed number, followed by a second number. Using a response box, they indicated whether the second number was correct, given the subtraction of 1, 3 or 7. The second number then became the new 'seed' and a third ª 2017 European Sleep Research Society number was presented. This was repeated for a fourth and fifth number before a new random seed was generated. Therefore, in each block, there was a total of three seed numbers, each with four subsequent responses. Participants were not provided with performance feedback on MATH. There were four blocks for each difficulty level, and the task lasted 6 min. Objective accuracy was measured for each difficulty level, as the percentage of correct trials.
Self-monitoring of performance
Prior to task administration, participants were informed they would be asked about their performance on the PVT and MATH. For each difficulty level of MATH, participants were asked about subjective accuracy, "Please estimate what percentage of the problems you answered correctly". For the PVT, participants were asked, "Compared to your baseline session, how would you rate the speed of your RTs?" Participants responded via a 10-point Likert scale (0 = 'much slower' to 10 = 'much faster'). After each task, participants completed the Karolinska Sleepiness Scale (KSS) to measure subjective sleepiness. Cognitive tasks and self-report measures were administered with E-Prime.
Data analyses
Raw data handling
One participant was not included in PVT analyses due to a high rate of lapses across multiple time points, including the 'normal' day, suggesting non-compliance. This participant was not removed from MATH analyses. Sample sizes ranged from 36 to 40 across all time points and tasks due to missing data caused by technical faults. Missing data were not replaced. Objective and subjective PVT performances relative to baseline (abbreviated as 'OSpeed' and 'SSpeed', respectively) were operationalised as follows, so they are conceptually equivalent with a common scale. (1) For OSpeed, baseline PVT median RT was subtracted from each time point. This difference was standardised based on the whole sample across all time points, as a modified zscore, so a value of zero indicated no difference from baseline, and the standard deviation of the modified z-scores was 1. A positive value on this scale indicated RT slower than baseline, and a negative value indicated RT faster than baseline. (2) SSpeed for each time point was calculated by transforming self-report ratings on performance speed, so a standardised score of zero would mean no difference from baseline, with a standard deviation of 1. PVT lapses (Fig. S1 ) were not analysed in this way, as asking someone to selfmonitor the number of RTs greater than 500 ms was considered unreliable.
Objective and subjective accuracy on MATH ('OAccuracy' and 'SAccuracy', respectively) were operationalised as the actual and self-report accuracy (percentages of correct trials for each difficulty level).
Data analyses
To examine changes in OSpeed and SSpeed, a two-way repeated-measures analysis of variance (ANOVA) was conducted, with 'time' (10 points) and 'modality' (objective or subjective) as within-subjects factors. To examine changes in OAccuracy and SAccuracy, and the effects of task difficulty, a three-way repeated-measures ANOVA with 'time', 'modality' and 'difficulty' as within-subject factors was conducted. Post hoc paired-samples t-tests were conducted to examine differences between objective and subjective variables at each time point. Sex and age were covariates in sensitivity analyses, and all current findings hold. The models without covariates were presented for the purpose of parsimony. Analyses were repeated using the metric 1/ RT, as this is another common measure of speed used in PVT literature.
To examine whether sleepiness contributed to subjective estimation of performance, multiple regression analyses were conducted for each time point, with SSpeed (or SAccuracy) as the dependent variable, and OSpeed (or OAccuracy) and KSS as independent variables.
Statistical significance was based on two-tailed P < 0.05 for repeated-measures ANOVAs. Bonferroni correction was applied for KSS-related multiple regression analyses, with P < 0.005 used for PVT speed (10 comparisons), and P < 0.0017 (30 comparisons) used for MATH accuracy. Effect sizes were based on g 2 for repeated-measures ANOVAs, and on Cohen's d for paired-samples t-tests. Data were analysed using SPSS 24 and R3.3.1.
RESULTS
Descriptive statistics of the PVT, MATH and KSS raw scores are displayed in Tables 1 and 2 . There was a significant main effect of 'time', with PVT speed decreasing over time, with a very large effect. OSpeed and SSpeed were slower during TSD compared with the NORM and REC (Fig. 1) . The interaction between 'time' and 'modality' (Table S1 ) was significant. SSpeed was faster than OSpeed during NORM (am and pm) and following both days of REC, suggesting participants overestimated RT performance during these periods. During TSD, there were no significant differences between objective and subjective ratings of RT, suggesting participants were able to more accurately selfmonitor performance on the PVT during TSD. Results were qualitatively similar with 1/RT as the objective measure ( Fig. S2 ; Table S2 ).
For MATH, the main effect of 'time' was significant (Table S1 ). Both OAccuracy and SAccuracy were lower during TSD compared with NORM or REC phases for all difficulty levels (Fig. 2) . The main effect of 'modality' was also significant, suggesting participants underestimated accuracy, overall. The significant main effect of 'difficulty' suggests both objective and subjective accuracy was poorer during more difficult tasks.
There was a significant interaction between 'time' and 'difficulty', whereby accuracy decreased during TSD when the task was more difficult. The interaction between 'modality' and 'difficulty' was also significant, suggesting participants overestimated deficits more when the task was more difficult (i.e. both overestimation of deficits and underestimation of recovery). Although not statistically significant (P = 0.081), the interaction between 'time' and 'modality' was of medium effect size, suggesting sleep-deprived participants had a tendency to overestimate deficits in performance, relative to when they were well-rested or after recovery sleep. These interaction effects are consistent with findings from post hoc t-tests showing greater differences between SAccuracy and OAccuracy during TSD and in the high-difficulty condition (Fig. 2) . We report post hoc t-test results in the Supplementary Material (Table S3) .
On the PVT, multiple regression analyses showed, controlling for OSpeed, greater sleepiness was associated with significantly slower SSpeed at TSD1 pm (P ≤ 0.003), REC1 am (P ≤ 0.002) and REC1 pm (P ≤ 0.001) ( Table 3) . Subjective sleepiness did not make a significant contribution at any other time points. For MATH, at all time points and levels of task difficulty, sleepiness did not make a significant contribution to SAccuracy after controlling for OAccuracy (Tables 3 and S4) .
DISCUSSION
This study examined how the ability to self-monitor performance on the PVT and an arithmetic working memory task was impacted by 2 nights of TSD and subsequent recovery sleep.
Performance on the PVT and MATH was worse during TSD. On MATH, participants consistently underestimated their actual performance, especially on the most difficult version of the task. They also tended to show relatively greater impairment in self-monitoring during TSD, especially during the first day of TSD (i.e. they reported performance as Data are mean (AESD). am, 2 h post-wake; KSS, Karolinska Sleepiness Scale; pm, 12 h post-wake; REC1, recovery day 1; REC2, recovery day 2; TSD1, total sleep deprivation day 1; TSD2, total sleep deprivation day 2.
ª 2017 European Sleep Research Society poorer than actually obtained). This may reflect a tendency to conservatively estimate performance when sleep deprived. Such a tendency may increase the likelihood of engaging in compensatory behaviours, which are potentially protective against the negative consequences of TSD. Secondly, this may be due to participants expecting to be impaired following TSD. Overestimating deficits during TSD contrasts with reports of accurate self-monitoring ability at 28 and 54 h of TSD (Baranski and Pigeau, 1997; Dorrian et al., 2000) . Dorrian et al. (2000) , however, only assessed self-monitoring at the equivalent of our first TSD morning and applied different tasks for objective performance, while Baranski and Pigeau (1997) had a considerably smaller sample size. Whilst overestimation of deficits during TSD was evident for MATH accuracy, it was not for PVT RT. Self-monitoring of PVT RT became more accurate during TSD, suggesting participants were aware of their RT deficits during sleep deprivation. The contrasting results suggest overestimation of deficits may not occur for all types of tasks. This is consistent with the current literature, where some studies reported self-monitoring was not accurate during simulated driving (Biggs et al., 2007) , but in an on-road study of driving performance following the night shift, participants identified, in real-time, increasing difficulty maintaining lane position (Lee et al., 2016) . As there may be task or domain specificity to self-monitoring ability, future research should elucidate the accuracy of self-monitoring in various tasks and contexts, particularly those relevant to operational environments.
One night of recovery sleep normalised self-monitoring accuracy for arithmetic working memory, such that selfassessment of performance was comparable with actual performance. However, on the PVT, participants overestimated their performance (i.e. rated their RTs on the PVT as faster than actual performance) on both recovery days. This is the first study to specifically investigate how recovery sleep affects self-monitoring ability. However, previous studies have reported a similar effect in subjective ratings of Data are mean AE SEM. am, 2 h post-wake; NORM, normal sleep; pm, 12 h post-wake; REC1, recovery day 1; REC2, recovery day 2; TSD1, total sleep deprivation day 1; TSD2, total sleep deprivation day 2. Shaded areas indicate TSD. OSpeed, PVT reaction time (RT) relative to practice session; SSpeed, self-report speed relative to practice session. Data points were annotated with Cohen's d and statistical significance (*P < 0.05) if differences between SSpeed and OSpeed for the given time point had d ≥ 0.20; and † if performance was significantly different from the corresponding NORM session. % Accuracy for Arithmetic 1 % Accuracy for Arithmetic 3 Figure 2. Self-monitoring on the arithmetic working memory task (MATH). Data are mean AE SEM accuracy for MATH 1(a), 3(b) and 7(c) tasks over time. am, 2 h post-wake; NORM, normal sleep; pm, 12 h post-wake; REC1, recovery day 1; REC2, recovery day 2; TSD1, total sleep deprivation day 1; TSD2, total sleep deprivation day 2. Shaded areas indicate TSD conditions. Data points were annotated with Cohen's d and statistical significance (*P < 0.05, * * P < 0.01) if differences between self-report accuracy and objective accuracy for the given time point had d ≥ 0.20; and † if performance was significantly different from the corresponding NORM session.
ª 2017 European Sleep Research Society sleepiness following a post-sleep deprivation sleep opportunity, with individuals reporting improvement in subjective sleepiness, despite no improvement in objective sleepiness (Centofanti et al., 2016; Lamond et al., 2007) . The overestimation of recovery was not observed on MATH. However, this may be due to the method used to self-assess performance: on the PVT, participants were asked to compare performance with baseline, whereas for MATH they were asked to rate their perceived level of performance. Consequently, they may have overestimated the impact of recovery on the PVT, interpreting a noticeable improvement after a sleep opportunity as a full return to well-rested performance.
It is important to note the impaired ability to self-monitor RT following recovery sleep occurred despite subjects being given feedback on their RT during the task. This suggests individuals may be more likely to continue to engage in behaviours (e.g. safety critical tasks) when cognitively impaired, even if they receive feedback. This is particularly problematic for shift workers who may be transitioning between shifts and evaluating their level of performance based on obtaining sleep between shifts. The findings highlight the need to educate individuals about the sustained effects of sleep deprivation and the necessity for recovery sleep beyond 1 night (Belenky et al., 2003; Lamond et al., 2007) .
The pattern of overestimating deficits during TSD on MATH was greatest on the most difficult version. This finding is similar to Baranski et al. (1994) , where participants' subjective confidence in their accuracy reduced with more difficult tasks. Our results also point to an expectation effect regarding task difficulty. Perhaps participants expect performance to be poorer when a task is more difficult, in addition to when they are sleep deprived, and thus rate their performance in accordance with this expectation.
In this study, subjective sleepiness was related to selfmonitoring ability, but only on the PVT. Specifically, subjective sleepiness explained substantially more variance in subjective PVT speed, relative to the amount of variance sleepiness accounted for in subjective MATH accuracy. Simple and monotonous tasks, such as the PVT, are especially sensitive to the effects of sleep deprivation (Harrison and Horne, 1999) , and microsleeps have been thought to frequently underlie slow RTs on the task (Anderson et al., 2010; Lim and Dinges, 2008) . Thus, subjective sleepiness may be more important in self-assessing performance on this task. This is consistent with driving studies showing subjective sleepiness relates to objective driving performance (Biggs et al., 2007; Reyner and Horne, 1998) . On the other hand, sleep deprivation-related impairments in working memory, both in general (Almklov et al., 2015; Chee et al., 2006) and specific to arithmetic working memory (Drummond et al., 1999) , are more related to reduced activation of the frontal-parietal working memory network than sleepiness. This notion is further supported by studies showing the elimination of sleepiness via caffeine does not improve working memory performance during sleep deprivation (Killgore et al., 2009) . Thus, while subjective sleepiness provides insight into the dominant mechanism of impairment on the PVT (i.e. falling asleep), it does not provide the same level of insight into the dominant mechanism underlying deficits in working memory (i.e. alterations in frontal-parietal networks).
The contrast in findings between tasks suggests different types of tasks may require different approaches for accurate self-monitoring. This has important implications when considering approaches for teaching self-monitoring ability. For a sustained attention task with speed as the main outcome, subjective sleepiness may be important for self-monitoring of performance. However, for a working memory task with a focus on updating and manipulating information in working memory, ongoing assessment of accuracy may be the primary source of information for self-monitoring. The role of objective performance and subjective sleepiness in selfmonitoring ability should be explored using other tasks, and (Dawson and Mcculloch, 2005; Lerman et al., 2012) . While no specific recommendations are made with respect to alertness monitoring within a FRMS, our data suggest individuals should routinely evaluate their performance on task and, if they suspect they are impaired, evaluate whether it is safe to continue engaging in a given task. Nonetheless, several hurdles remain for active selfmonitoring to be an effective countermeasure in mitigating the impact of sleep deprivation. First, individuals must actively engage in self-monitoring of performance. While it is unclear how much deliberate self-monitoring occurs in safety-critical operational settings, our data suggest training or prompts to encourage self-monitoring may be beneficial. Second, once engaged in self-monitoring, individuals must act on that information in order to promote safety. In the driving literature, a growing body of evidence now suggests individuals are aware of sleepiness and/or impairments while driving (Akerstedt et al., 2014; Lee et al., 2016) , and yet many drivers continue to drive, typically due to time pressure, being close to home/destination, etc. (Armstrong et al., 2010; Nordbakke and Sagberg, 2007) . For self-monitoring to be an effective sleepiness management strategy, then, it is essential individuals act on their self-monitoring perception.
Limitations
The present study should be interpreted in the context of some limitations. (1) Given the study was conducted within a laboratory, the efficacy of self-monitoring in operational contexts still remains unclear. This study focused on selfmonitoring during a period of TSD and did not explore selfmonitoring ability under conditions of chronic sleep restriction or a shift work schedule. However, our results suggest individuals may be more at risk for overestimating their performance following a sleep opportunity. Further research in operational contexts is warranted. (2) Self-monitoring ability was only assessed at two time points each day. Future research should increase the frequency of assessments, to better reflect what may be required in operational settings. (3) Time of day was not controlled for the baseline PVT and MATH practice sessions. Thus, performance could have been influenced by circadian effects, although given baseline occurred at a fairly neutral circadian time (09:00-16:00 hours), we do not believe this is likely. (4) It is likely individuals vary in their ability to accurately selfmonitor, although there were no significant differences based on sex or age in this study. This study was not designed to investigate individual differences, so future research should examine which individuals are adept at noticing performance deficits versus those at risk for overseeing them. (5) In an operational context, the ability to 'predict' performance deficits is perhaps most relevant for reducing the likelihood of negative consequences. Although this was not specifically assessed in the current study, we provide some evidence for the ability of individuals to successfully self-monitor performance in a context where they know they will be required to do so. Hence, in similar environments where self-monitoring is encouraged or even required, individuals may be able to successfully detect deficits in performance and engage in compensatory behaviours to reduce the consequences of sleep deprivation.
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